In vivo confocal microscopy (CM) provides a unique ability to section optically through living, intact tissues and organs to characterize qualitatively and quantitatively pathological changes in 4 dimensions (x, y, and z, and time). It 
INTRODUCTION
For a number of years, the potential for an ingredient or product to cause ocular irritation following accidental exposure in humans has been assessed in rabbits using the Draize eye test. In recent years considerable effort has been extended to refine, reduce, and replace the use of animals in assessing for potential ocular irritation. Refinement of animal use has come through development of the low-volume eye test (LVET) (10) . The LVET is a modification of the Draize eye test in which 10 ~1, onetenth the volume instilled in the Draize test, is directly applied to the cornea, instead of the subconjunctival sac. Additionally, for the LVET there is no forced blink following application, as in the Draize test. The LVET has been shown to predict better the ocular response occurring in humans (3) (4) (5) (6) . Reduction of animal use has been through the development of various in vitro screening tests used in tier eye irritation assessment processes to make preliminary decisions and establish the direction for further testing (1, 8, 9) . To date, attempts to validate in vitro alternatives as replacements for the use of animals in assessing ocular irritation have been generally unsuccessful (12, 17, 19) . The general approach taken has been to correlate in vitro test results to scores derived from macroscopic examination of rabbit eyes in either the Draize test or LVET (19) . This lack of success can be attributed to the fact that the current in vivo scoring system provides very descriptive and subjective information (13, 17, 19 (12, 13, (17) (18) (19) . And second, changes in types and/or levels of biomarkers, cytokines or extracellular factors, will reflect differences in the extent of initial damage (i.e., area and depth of injury) ; the initial responses (e.g., edema, neutrophilic infiltrate) ; and the eventual repair processes (e.g., neovascularization, epithelial regeneration, collagen deposition) (17) (18) (19) . Further, these biomarkers can be applied to in vitro systems as predictors of eye irritation (17) (18) (19) (12, 13, 17) . Additionally, this approach allows us to conserve animal use (13) .
OVERVIEW OF CONFOCAL MICROSCOPY
Over the years conventional microscopy has principally provided a 2-dimensional view of a dynamic, 3-dimensionally organized, living system (2, 14) . This The ability to optically section tissue is derived from the greatly improved lateral and axial resolution of CM compared to conventional microscopes. In general, conventional microscopes broadly illuminate the tissue, which is imaged using an objective lens. In thicker tissues, light from above and below the focal plane is detected, leading to out-of-focus blurring of the image and reduced resolution and contrast (7, 24) . By comparison, the CM is based on the principal of Lukosz (16) , which states that resolution may be improved at the expense of field of view. Improved lateral and axial resolution with the CM is achieved by using a condenser to focus a point light source on a small area of the tissue while concomitantly focusing the objective on the same small area; hence, confocal or same focus (2, 22, 23) . Light emanating from the focal plane is then brought back into focus through the objective at a point light detector (24) . Light scattered from above or below the focal plane will be defocused at the detector and will not contribute to the final image, leading to greatly improved resolution and contrast. This improvement, however, comes at the expense of a reduced field of view (7, 22, 23) . Therefore, it is necessary to scan the specimen to increase the field of view (2, 7, (22) (23) (24) .
In general, the types of CM vary based on the type of light source (white light or laser) (2, 7, (22) (23) (24) . With lasers, the light is sharply focused, and rotating mirrors are used to direct the light so as to raster scan the object (7, (22) (23) (24) . However, at the currently available scan rates, laser-based confocal microscopes are not capable of generating images in real time, which is required for the evaluation of living tissue (7, (22) (23) (24) . With white light, illumination and detection is achieved by using a miniature Nipkow disk that has multiple pinholes (-~--40,000) symmetrically arranged in Archimedean spirals such that rotation of the disk leads to even scanning of the object and the generation of real-time images (Y30th of a second, video frame rates) (2, 7, 22, 23) . The arrangement of the holes also has a central symmetry such that each hole has a conjugate pair on the opposite side of the disk with the same radial distance to provide simultaneous pinhole illumination and detection; hence, the name &dquo;tandem scanning&dquo; (7, 22) .
Confocal microscopic examination of living tissue (in vivo CM) has been used to obtain live cellular images from selected tissues including kidney, liver, adrenal, thyroid, epididymis, and muscle and connective tissue of rabbits and rats (11, 22, 23) . Additionally, in vivo CM has been applied to viewing bone, teeth and gums, and skin (22, 23) . However, the greatest use of in vivo CM has been in the area of ophthalmology (23) where it has been approved by the Food and Drug Administration for general clinical use (2) and is a powerful methodology for examining the cornea (2, 22, 23) .
In vivo CM has been performed on humans and animals to evaluate the normal cornea (2, 22) , wound healing following excimer laser photorefractive keratectomy (2, 23), Acanthamoeba keratitis (2, 22, 23) , corneal dystrophies (2), contact lens (2, 22, 23) , and herpetic keratitis (2) . In vivo CM has been specifically used as a research tool for quantitative, in situ measurement of corneal wound contraction, fibroblast migration, corneal endothelial cell migration, corneal epithelial cell size and desquamation following contact lens wear and surgery, and the assessment of corneal surface toxicity following application of commonly used ophthalmic preservatives (22, 23) . Compared to other microscopes used to examine the cornea, the in vivo CM provides perspective regarding the cellular nature of the cornea unlike the slit-lamp microscope (7) and allows all layers of the cornea to be assessed unlike the specular microscope with which only the surface epithelium and endothelium can be observed (2, 7, 22, 23 (12, 13, 17) . For (12, 13, 17) . Consistent with the loss of superficial epithelium, we quantitatively showed that the epithelial layer was attenuated (12, 13, 17) . When subsets of corneas were excised, stained to identify living and dead cells with calcein AM and ethidium homodimer, respectively, and examined using laser CM, we showed an increased number of dead epithelial cells in animals treated with the slight irritant compared to controls (12) . The correlation of dead epithelial cells to decreased epithelial cell size was 0.78 when each of 4 regions of the cornea was evaluated and 0.96 when these different regions were combined so as to reflect better the overall area of involvement (12) . The slight irritant did not affect the stroma or endothelium (12, 13, 17). With a mildly irritating surfactant and a moderately irritating surfactant we have demonstrated that in the 4 cornea regions routinely examined, there is often marked loss of the corneal epithelium, with damage to the underlying superficial keratocytes and increased corneal thickening (12, 17) . Damaged keratocytes are characterized as being hyper-reflective and having punctate appearance (12, 17) . Quantitatively, we have shown that the depth of keratocyte death is significantly increased for the moderate irritant versus the mild irritant (12, 17) . The live/dead assay indicated that the number of dead keratocytes was significantly increased with the moderate irritant compared to a mild irritant (12) . The correlation of dead keratocytes to depth of keratocyte damage was 0.79 (12) . The mild and moderate irritants did not affect the endothelium (12, 17). With the severely irritating surfactant, we demonstrated there was complete loss of the corneal epithelium, with damage of keratocytes extending deep into the stroma and marked corneal thickening (12, 13, 17 (19) .
For these studies, we have been using a recently developed in vivo CM technique termed in vivo confocal microscopic through-focusing (CMTF) (15) . In the normal cornea, CMTF allows representation of the surface epithelium, basal lamina, stromal keratocyte nuclei, and endothelium as an intensity profile (i.e., tracing) derived by calculating differences in pixel intensity from a scan of the entire cornea at a constant lens speed (15, 20) . Changes in intensity profiles can then be used to quantitate objectively the depth and thickness of subcomeal structures (15, 20) . Actual images taken during the scanning can be viewed to identify pathologic processes underlying the elevated intensities (15, 20 (19) . In the previous study, for the conjunctiva and cornea, extent of initial injury in 1 cohort of rats strongly correlated with responses in other cohorts of rats (19) In vivo CM has allowed us to provide data to support our premise that area and depth of injury are principal factors determining early response and eventually repair processes following accidental eye irritation (12, 17) . Our results suggest that differences as early as 3 hr can be used to distinguish different levels of ocular irritation (17) . They establish for the first time a direct correlation between the initial in vivo effects of ocular irritation and the ability of the same irritant to cause cell death within the cornea (12) . Finally, preliminary results using CMTF measurements further suggest a significant correlation between initial corneal injury induced by irritating surfactants and the subsequent responses of the cornea. Using in vivo CM, we are providing objective, quantitative data that will be important in the development, evaluation, and validation of future mechanistically based in vitro alternatives for ocular irritancy testing (13) . 
